Introduction
Previous studies of the hydrodynamic effects on the design of offshore platforms investigated the differences in response predictions obtained using various modifications (wave stretching schemes) of linear wave theory. The empirical wave stretching techniques popular in the offshore industry include vertical stretching, linear extrapolation, Wheeler stretching (or full stretching), and delta stretching (Rodenbusch and Forristall, 1986) . These studies revealed that hydrodynamic forces and resulting platform responses obtained from different wave kinematics estimation methods can vary significantly. All of these stretching techniques violate the local mass conservation principle and the linear dynamic free surface boundary condition, and only Wheeler stretching satisfies the linear kinematic free surface boundary condition (Xti, 1995) . A recently developed method to predict the kinematics of irregular waves, called the hybrid wave model, satisfies both local mass conservation and free surface conditions up to the second-order in wave steepness (Zhang et al., 1986) .
The objectives of the present study are twofold. First, for an actual offshore platform, the response predictions obtained using linear wave theory modified by popular stretching techniques are compared to the response predicted based on the higher-order, and therefore more accurate, hybrid wave model. Second, all the anal3,tical response predictions are compared to the measured response. The offshore platform used in this comparative study is the Cognac platform, a fixed base template offshore tower standing in 1025 ft of water in the Gulf of Mexico. The field data, released to the second author by Shell Development Company, include time histories of deck acceleration, deck displacement, tubular member thrusts, and sea surface elevation collected during Hurricane Frederic (September 12, 1979) . The analytical response predictions are based on a sticklike model of Cognac for the broadside (or stiff) direction derived from a three-dimensional space frame model of Cognac. The modal contributions to various response quantities are also investigated, as well as the effect of fluid-structure interaction. The availability of oceanographic and structural response data for a deepwater fixed offshore platform represents an ideal opportunity to investigate the absolute and relative accuracies of the analytical response prediction methods currently used in offshore platform design.
Linear Wave Models for Unidirectional Irregular Waves
The traditional wave models used in this study develop the fluid kinematics for the sea state considered based on linear wave theory (LWT) or Airy theory. This theory assumes that wave heights are infinitesimal and that the shape of the instantaneous free surface and any water particle kinematic variable canbe described by the superposition of various regular smallamplitude waves. Each harmonic component is distinguished by amplitude, frequency, phase, direction, and speed. As should be expected, when wave height is large relative to the water depth, linear theory provides unacceptable results near the free surface. However, linear wave theory has been shown to match reasonably well measured particle kinematics below the mean water line. Empirical modifications of the results of linear theory have been used to provide more accurate results for wave kinematics up to the instantaneous free surface in wave crests, where linear wave theory is weakest.
Empirical Stretching Techniques. Various methods have
been utilized to account for the deficiencies of linear wave theory in describing near-surface fluid kinematics. Three corrective methods, known as stretching techniques, are briefly described in the forthcoming (Rodenbusch and Forestall, 1986; Horng, 1991; Xti, 1995) . The "no stretching" scheme will refer to the straight application of linear wave theory from sea bottom to mean water level (MWL) without using any stretching.
Vertical Stretching. For fluid particles above the MWL, vertical stretching assumes horizontal velocities and accelerations equal to those computed by linear theory at the MWL. In other words, the fluid kinematics at the MWL are stretched vertically up to the instantaneous free surface. For fluid particles at or below mean water level, linear wave theory is applied (Horng, 1991) .
Wheeler Stretching. Wheeler stretching maps the linear wave kinematics profile from sea bottom to MWL into the profile from sea bottom to instantaneous water surface through the coordinate mapping
for z such that -d ~-z --< ~ where d is the water depth, z is the vertical coordinate measured upwards from the MWL, ~ is the instantaneous free surface elevation, and Zw denotes the transformed vertical coordinate to be entered in the results of linear wave theory to obtain the desired kinematic variable. The profile of fluid kinematics obtained from LWT is uniformly stretched or compressed between sea bottom and the instantaneous free surface so that the water particle velocities and accelerations calculated at the MWL using linear wave theory are equal to those at the free surface for Wheeler stretching.
Delta Stretching. Linear extrapolation (XtL 1995), omitted from this study, was shown to overestimate horizontal water kinematics when compared to field measurements (Rodenbusch and Forristall, 1986) . Linear extrapolation is a modification of linear wave theory which assumes that the partial derivative of a kinematic variable at the MWL is constant for that variable above the MWL. Delta stretching was designed to provide an empirical average between linear extrapolation and Wheeler stretching. In this technique, the linear theory kinematics are linearly extrapolated to a height Ar 1, where 0 -< A ~ 1, and the kinematic profile above a reference depth dzx, -da -< z ~-A77, is then mapped onto the water column [-dr, -< z -~ ~7]-The coordinate transfer can be expressed as
where za denotes the transformed vertical coordinate to be entered in the results of the linear extrapolation method to obtain the desired kinematic variable. If A = 0 and da = d, delta stretching reduces to Wheeler stretching, while if A = 1 and da = d, delta stretching reduces to the linear extrapolation scheme. The parameters A and da are empirical tuning coefficients set after extensive comparisons with field data on wave kinematics. Following a study of the MaTS and FULWACK data sets, the delta stretch parameter was set at A = 0.3 and the delta depth parameter at da = 2an = twice the standard deviation of the sea surface elevation process rl(t) (Rodenbusch and Forristall, 1986) .
Hybrid Wave Model for Unidirectional Irregular Waves
According to linear deterministic or random wave theory, wave elevation, kinematics, and other properties can be expressed as the linear superposition of the individual properties of all the components of an irregular wave train. Thus, when applied to an irregular (or random) sea state, LWT consists of decomposing the irregular (or random) wave train based on the Fourier transform (using an FFT algorithm), ignoring the contributions from interactions among wave components.
Recently, Zhang et al. (1996a) developed a second-order method to estimate wave kinematics for unidirectional irregular (or random) seas. Their method, called the hybrid wave model (HWM), considers the effects of the interaction among the wave components (wave-wave interactions) defining the irregular sea state up to the second-order in wave steepness. The HWM is a unified second-order theory which combines two second-order analytical solutions (derived using the perturbation approach and the phase modulation approach) for the interaction between two free regular waves, the first solution applying when the two wave frequencies are relatively close, and the second solution applying when the two frequencies are well separated.
The HWM consists of two stages (Zhang et al., 1996a) . In the first stage, the irregular wave train is decomposed into its free wave components given its resultant wave elevation at a fixed point. Since the recorded water surface elevation also has the contribution from the second-order wave interactions, the wave decomposition becomes a nonlinear operation which must be performed using an iterative numerical scheme in the frequency domain. The first stage produces the free wave amplitude and phase spectra from the measured wave amplitude and phase spectra. In the second stage of the HWM, all the pairs of free wave components are combined using the available theoretical results on nonlinear (second-order) wave combination to produce the second-order water kinematics profile at the fixed point of interest and for the time window considered.
Unlike linear wave theory and its various empirical and semiempirical modifications, the HWM is valid for finite amplitude waves. It satisfies the continuity equation governing wave-induced fluid kinematics up to the free surface and it satisfies, up to the second-order in wave steepness, the linear free surface boundary conditions at the instantaneous water surface. In comparison, LWT satisfies the free surface boundary conditions when applied at the MWL. Wheeler stretching violates the local continuity condition and does not satisfy the linear dynamic free surface boundary condition. Delta stretching does not satisfy the local continuity condition, and both linear free surface boundary conditions, with one exception. This being A = 0 for the kinematic boundary condition (Xti, 1995) .
Validation studies (Zhang et al., 1996b; Xti, 1995) indicate that the HWM kinematics predictions show excellent agreement with experimental results (wave tank experiments). However, the impact of using the HWM in estimating the dynamic response of a deepwater fixed platform such as Cognac has not been investigated yet.
Structural Model of Cognac Platform
A full three-dimensional space frame model of Cognac was developed using the structural finite element analysis program SAP90 (Wilson and Habibullah, 1989) and based on the structural data provided by Shell Development Company. These data included the joint coordinates, material properties, member cross section properties, foundation stiffness properties, list of flooded members, mass of production equipment on the deck during Hurricane Frederic, foundation masses (soil entrained with piles), and extra masses not modeled by members to account for grouted nodes, extra thickness of steel at joints, piping on jacket, marine growth, and virtual (or added) mass of marine growth. SAP90 lumps all the masses distributed along a member into point translational masses at both ends of the member, neglecting the rotatory inertia of the member. In addition to the aforementioned mass quantities, the following masses were also included in the SAP90 model: lumped nodal masses representing the mass of steel of the members, the mass of the water enclosed in the flooded members, the virtual (or added) mass of the submerged members (computed using an added mass coefficient Co = 1.0). All 15 horizontal levels of the Cognac space frame were modeled as rigid (in-plane) floor diaphragms using a single master node (for the two horizontal translations and the vertical rotation) per level. This modeling procedure led to a 3-D finite-element model with 3424 degrees of freedom (static and dynamic). A simplified sticklike 15-dof model of Cognac for vibration in the broadside (stiff) direction was then derived from the 3-D model using static condensation. Tributary volumes and tributary projected areas associated with the 15 dof's of the stick model were calculated from the actual member data and platform configuration. An earlier system identification study performed by Shell based on structural vibration data of Cognac estimated the first two natural periods in the broadside direction to be: Tl = 3.79 s and Tz = 1.60 s. The first three undamped natural periods in the broadside direction obtained from the 3-D SAP90 model were T~ = 3.52 s, T2 = 1.49 s, and T3 = 0.85 s, while those obtained from the corresponding stick model were Ti = 3.91 s, Tz = 1.59 s, and T3 = 0.90 s. The nodal masses of the stick model were uniformly scaled down by a factor of 0.9365 in order to match the fundamental broadside period of Cognac estimated by Shell from structural vibration data. The first three undamped natural periods of the modified stick model used in this study were: Ti = 3.79 s, Tz = 1.54 s, and T3 = 0.87 s.
Hydrodynamic Load Model
The wave-and-current forces are computed from the wave kinematics using Morison's equation, which decomposes the total force into an inertia component (varying linearly with the water particle acceleration) and a drag component (varying quadratically with the water particle velocity). Because of their rapid attenuation with depth, fluid kinematics and hydrodynamic (wave-and-current) forces were evaluated at several closely spaced points between the nodes of the structural stick model of Cognac. Wave-and-current forces were determined by uniformly distributing the lumped nodal properties (tributary projected areas Aj and tributary volumes Vj) halfway above and below the elevation of a given structural node and computing forces at discrete elevation increments (Az = 5 ft) using Moilson's equation
where pw is the mass density of seawater, CO and C~ denote the drag and inertia coefficients, Ah is the height over which a node's properties have been distributed, and u(z', t) and Ou/ Ot(z', t) denote the horizontal water particle velocity and acceleration at elevation z' and time t. The discretized wave-andcurrent force componentsfo andfi in Eq. (4) over the elevation increment Az were computed using the trapezoidal rule. The segments of the stick model between two consecutive structural nodes were considered fixed-end beams, and the corresponding "reactions" to the discretized forces fn and fi, (--FD) and ( -F1) , were determined by static equilibrium. The nodal waveand-current forces can then be expressed as
Fwj(t) = FDj(t) + Fl~(t)
(5)
f%(t) = pwCoAjUj(t)lU/t)l + CtpwVj-fft t Uj(t) (6)
where Uj(t) and (O/Ot)Uj(t) denote the effective horizontal fluid velocity and acceleration, respectively, at the j th structural node (Horng, 1991 ) . Equation (6) can be extended to account for fluid-structure interaction by including the structural nodal velocity, Xj(t), in the drag term as
F%(t)= (~)pwCoAj(Uj(t)-Xj(t))lUj(t)-Xj(t)l
In this study, wave-and-current loading was computed using Morison coefficients calibrated from the Exxon ocean test structure (OTS) experiments, namely Co (smooth) = 0.9 and Cl(smooth) = 2.3 (Rodenbusch and Thro, 1981; Larrabee, 1982) .
Analysis Methods
The resulting 15-dof stick model of Cognac is governed by the following system of coupled differential equations of motion:
in which X(t), X(t), and ~(t) are the (15 × 1) vectors of nodal displacements, velocities, and accelerations, respectively, of the structure; M, C, and K denote the (15 × 15) mass, damping, and stiffness matrices characterizing the structure; and Fw (t) represents the ( 15 × 1 ) vector of wave-and-current forces applied to the structure. The foregoing equations are integrated by mode superposition, thus using the modal transformation
in which ,I~ denotes the eigenmatrix or matrix of undamped vibration mode shapes of the stick model, and Y (t) represents the vector of modal coordinates. Classical (or orthogonal) damping was assumed, i.e., ~TC~ = [ ]diag" A modal damping ratio of 5 percent was used for all modes to represent the damping mechanisms acting throughout the welded steel structure and at the structure foundation interface, and the foundation radiation damping. This modal damping value was supported by half-power bandwidth estimates of damping from the power spectra of measured deck accelerations (Larrabee, 1982) : The uncoupled modal equations of motion were integrated using an exact piecewise linear integration scheme. The quasi-static or time-varying static response of the Cognac model is obtained by applying the wave-and-current loading statically (neglecting both damping and inertia effects) to the structural model at each time step.
When fluid-structure interaction is included in the analysis, the drag component of the loading vector Fw(t) depends (quadratically) on the nodal velocity response of the structure. Thus, the equations of motion (8) are nonlinear through the loading term. The nonlinear equations of motion are still integrated using mode superposition, but applied in a stepwise manner and using an iterative predictor-corrector scheme to handle the nonlinear drag term. The number of iterations depends on the 160 / Vol. 119, AUGUST 1997
Transactions of the ASME tolerance used in the convergence criterion. In this study, convergence was always achieved (within engineering accuracy) in less than six iterations.
Results
All the results presented in this paper are based on the 1024-s long (17 min04 s) time series starting 1900 s into the sea surface elevation record no. 26 measured during Hurricane Frederic (12 Sept. 1979, 1100-1200 CDT). Record no. 26 is the last record before the wave staff (positioned below the deck of Cognac) broke, and it contains the largest wave (measured reliably) and platform response during Hurricane Frederic. The sea state measured during the 50 min and 12 s of record no. 26 is characterized by a significant wave height of 26.5 ft, a maximum wave height of 46.3 ft, a maximum crest height of 24.4 ft, and a maximum trough depth of 21.9 ft. The sampling time interval of 0.25 s is also used as the time step to integrate the equations of motion of the Cognac model. The wave kinematics profiles are computed from the recorded time history of the water surface elevation by using LWT modified by various stretching schemes and the second-order HWM. In other words, a wave elevation record (measured below the deck of Cognac) of a short-crested sea was used and the corresponding wave kinematics was developed, at the same location, assuming uni-directional waves (long-crested sea).
The current and wave velocities are coupled using the standard approach, i.e., the current velocity is added vectorially to the wave-induced water-particle velocity, accounting for the different directions of the waves and of the current, before the velocities are squared in Morison's equation. A current velocity profile varying piecewise linearly with depth was assumed as in . A water-particle velocity along the real vertical coordinate from sea floor to instantaneous water surface is added to the current velocity corresponding to the same transformed vertical coordinate from sea floor to MWL. Consistent with the point measurements available from the current meters at Cognac, a current profile defined by the following depth and current velocity pairs was assumed: (0 ft -0.76 ft/s), (100 ft -0.76 ft/s), (150 ft -0.00 ft/s).
Since only the dynamic response of Cognac in the broadside (stiff) direction is analyzed, the horizontal Morison forces are projected along the broadside direction before being applied to the stick model of Cognac.
Two types of comparisons are presented here: 1 ) wave-andcurrent forces and dynamic platform response quantities are compared when linear wave theory modified by various stretching techniques and the second-order hybrid wave model are used to predict wave kinematics; and 2) the various analytical predictions of the deck displacement and acceleration responses are compared with the corresponding field measurements. Furthermore, the modal composition and the dynamic amplification of various structural response quantities are investigated using the analytical models.
Comparison of Modified Linear Wave Models With Hybrid Wave
Model. The results obtained indicate that (i) the delta stretching drastically overpredicts the peak forces near the free surface compared to Wheeler stretching and the HWM; and (ii) the HWM is well approximated by Wheeler stretching for the envelope (maximum absolute value over the 1024-s time window) of the nodal wave-and-current forces. In the present case, the wave-and-current forces are inertia dominated and the predominant wave frequency (period) is around 0.07 Hz (14.3 s). The fundamental structural frequency ft (= 0.26 Hz) is located on the upper tail of the wave-and-current force spectrum. The results also indicate that the HWM feeds significantly less energy at the fundamental structural frequency ft (= 0.26 Hz) than Wheeler stretching which in turn feeds less energy at f~ than delta stretching. 
Fig. 1 Comparison of response envelopes and dynamic amplification factors calculated using various wave models (without fluid-structure interaction)
The static and dynamic response envelopes for the displacement, shear force, and bending moment responses are given in Figs. 1 (a) and (b) , respectively, for the various stretching schemes and the HWM. It is noticed that for+these three response quantities, the HWM gives the smallest response envelopes which are close to those obtained using "no stretching" and Wheeler stretching, but significantly smaller than those corresponding to delta and vertical stretchings. The response envelopes obtained using delta and vertical stretchings are very close to each other. The fact that the HWM produces the smallest response envelopes is explained by the smallest amount of input energy that the HWM feeds at the fundamental structural frequency compared to the other wave kinematics models as mentioned earlier. Fig. 1 (c) displays the dynamic amplification factors (DAFs), plotted over the height of the structure, corresponding to the three response quantities already considered, where the DAF is defined as the ratio of the maximum absolute value of the dynamic response to that of the quasi-static re- sponse. Note that the quasi-static and dynamic maxima do not necessarily occur at the same time over the 1024-s time segment considered. The HWM leads to the smallest DAF for each of the nodal response quantities, while the delta and vertical stretchings give the largest DAFs. Specific DAFs obtained from the HWM are 28 percent for the deck displacement, 48 percent for the base shear, and 36 percent for the base overturning moment, from which it is deduced, as expected from previous similar studies, that the added dynamic response is very moderate for Cognac.
Modal Response Contributions.
For each of the first three translational modes in the broadside (stiff) direction of Cognac, Fig. 2 shows the modal wave-and-current force, and the modal contributions to three response quantities, namely the deck displacement, Xts(t), the base shear, Qs(t), and the base overturning moment, MB(t), in a t00-s time segment starting 150 s from the origin of the basic 1024-s time window in which all the calculations are performed. This time segment contains the steepest waves in hour 11 with a maximum wave height of 46.3 ft. Each of the three response quantities is completely dominated by the first mode contribution (notice the different scales on the velrtical axes of the three modal contributions). However, the base shear response exhibits a larger relative contribution (-25 percent) from the second and third modes than the other two response quantities (~4 percent). Compared to the HWM, delta stretching overpredicts the dynamic response (it feeds too much energy at f~), while Wheeler stretching provides a very good approximation to the HWM. As expected, it was also observed (Couch and Conte, 1996, 1997) that only the first modal contribution of the response quantities X15(t), Qn(t),
and Ms(t) exhibits some dynamic amplification; the second and higher modes respond purely statically.
Correlation of Analytical Predictions With Field Measurements.
The various analytical predictions and the corresponding field measurements for the platform response were compared over the same 100-s time segment as the one used in the foregoing. As already mentioned, this time segment is situated 150 s into the 1024-s time window over which all the calculations were carried out assuming (arbitrarily) at rest initial conditions for the Cognac model. It was checked that the transient dynamic response due to the initial conditions had completely died out after 150 s.
In Fig. 3 , the measured deck displacement in the broadside direction is compared with the predicted quasi-static response, and the dynamic response with and without fluid-structure interaction (FSI) for the cases of "no stretching," Wheeler stretching, and the HWM. Both the time histories and the Fourier amplitude spectra of the measured and predicted deck displacement responses are compared. The predicted quasi-static responses, which are very similar for the various wave kinematic models, capture well the response of Cognac to the waves in the predominant wave frequency region, but underestimate the response to the input wave energy around the first resonance frequency of Cognac. On the other hand, all the predicted dynamic responses are too rich in energy around the fundamental natural frequency of the structure (i.e., overpredict the dynamic response around the fundamental natural frequency of Cognac), as shown by the Fourier amplitude spectra. Taking fluid-structure interaction into consideration slightly improves this situation. In terms of overprediction of the dynamic response at ft, the HWM represents an improvement (see Fourier amplitude spectra) compared to Wheeler stretching and "no stretching" which give very similar results. The prediction error is defined as the difference between the predicted and measured response time histories. Here, the prediction accuracy has been quantified using two error norms, namely the maximum absolute error (peak error) and root-mean-square error (rms error) over the 1024-s time window considered. Notice that the peak error does not necessarily occur at the maximum (predicted or measured) peak response. According to these two error norms, it was found that the HWM is in better agreement with the field measurements than the other wave kinematics models considered. This result could be expected since the HWM better captures the underlying physics of wave-induced fluid motion than the other wave models considered. From a practical viewpoint however, it can be concluded that all the analytical dynamic response predictions for the deck displacement are reasonable, especially in view of the numerous assumptions and simplifications introduced in the wave-and-current load model and the structural model. Concerning the prediction of the deck displacement, Wheeler stretching, delta stretching, and the HWM are compared in detail in Fig. 4 . It was found that over the 1024-s time segment considered, the HWM provides the best fit, although not excellent, followed by Wheeler stretching (peak and rms errors 0.5 and 14 percent larger, respectively, than in the case of the HWM); and in turn by delta stretching (peak and rms errors 26 and 41 percent larger, respectively, than in the case of the HWM). Visually, this ranking is more obvious from the Fourier amplitude spectra. Although, according to the two error norms used, HWM and Wheeler stretching produce more accurate deck displacement time histories than delta stretching, the latter captures more accurately the maximum absolute displacement response (very important in design) than HWM and Wheeler stretching for the particular sea state and time window considered. It is recalled that the delta stretching scheme was tuned to fit full-scale crest kinematics measurements on the Fulmar platform and has been shown to give realistic peak force results on instrumented fixed platforms (Rodenbusch, 1986) . The restrictions of the present study to a single sea state and corresponding wave record prevent the drawing of general conclusions regarding the relative prediction ability of the various wave kinematics models considered for the maximum peak platform response. The same comparison between Wheeler stretching, delta stretching, and the HWM is made in Fig. 5 for the deck acceleration in the broadside direction. The comparison between predicted and measured deck acceleration time histories is much less favorable than in the case of the deck displacement, since the overprediction of the dynamic displacement response around the fundamental natural frequency of the structure is very much amplified by the double time differentiation. Regarding the accuracy in predicting the deck acceleration response, the HWM leads to more accurate results than Wheeler stretching which gives more accurate results than delta stretching. Again, the predicted acceleration response to the part of the wave components which are in the predominant wave frequency region (0.05-0.10 Hz) is very good for all wave kinematics models as can be seen from the Fourier amplitude spectra; this part of the response is quasi-static.
N-

Possible Sources of Discrepancy Between Model Predictions and Field Measurements.
The possible sources of discrepancy between the analytically predicted and measured responses of Cognac observed in Figs. 3 through 5 are:
• Inexactness of the wave kinematics model. A definite gain in accuracy in predicting the whole platform response time histories has been observed by using the second-order HWM instead of a modified linear wave theory. It is expected that this trend would continue if higher-order (third-order or above) wave models for irregular sea states were to be developed and used. 
Conclusions
Based on this study, the following conclusions can be drawn:
• During Hurricane Frederic, Cognac responds quasi-statically to the waves in the predominant wave frequency region. All the analytical predictions overestimate the dynamic response of Cognac around its fundamental natural frequency (f,), but the hybrid wave model (HWM) represents an improvement compared to Wheeler stretching which is better than delta stretching. The HWM feeds less input energy atj~ than the modified linear wave models. * For the response quantities considered (deck displ., base shear, and base overturning moment), only the first mode of Cognac responds dynamically with a moderate dynamic amplification factor (DAF) varying from 30 to 50 percent. Each of the response quantities is completely dominated by the first mode, but the base shear response exhibits a larger relative contribution (~25 percent) from the second and third modes than the other two response quantities (~4 percent). * The HWM produces the smallest response (displ., shear force, and bending moment) envelopes which are close to those obtained using Wheeler stretching, but significantly smaller than those corresponding to vertical and delta stretchings.
• The HWM yields the smallest DAFs for each of the nodal response quantities, while the vertical and delta stretchings produce the largest DAFs.
• Fluid-structure interaction reduces the various platform response quantities by a few percent only.
• The use of the HWM leads to predicted deck displacement and acceleration response time histories which overall are in better agreement with the field measurements than the predictions based on the other wave models considered here. • In the particular case of Cognac, the use of linear wave theory modified by Wheeler stretching provides a good approximation of the predicted platform response obtained using the HWM, while requiring significantly less computational effort.
